Abstract: China's commitment to implementing established and emerging HIV/AIDS prevention and control strategies has led to substantial gains in terms of access to antiretroviral treatment and prevention services, but the evolving and multifaceted HIV/AIDS epidemic in China highlights the challenges of maintaining that response. This study presents modeling results exploring the potential impact of HIV vaccines in the Chinese context at varying efficacy and coverage rates, while further exploring the potential implications of vaccination programs aimed at reaching populations at highest risk of HIV infection. A preventive HIV vaccine would add a powerful tool to China's response, even if not 100% efficacious or available to the full population.
 Sexual contact accounting for the majority of HIV transmissions;  A diverse and evolving set of epidemics in different regions.
The status report also makes note of changes in the composition of new HIV infections, including a rising proportion of new infections transmitted through homosexual intercourse and among heterosexual couples, and a lower percentage of total new infections in injecting drug users (IDU) (Figure 1 ). A safe and effective HIV vaccine would add a critical tool to China's existing HIV prevention programming, and recent scientific advances in basic and clinical research have provided optimism that such a vaccine is both possible and forthcoming [7] . China's increasing engagement in HIV/AIDS and global health research and development (R&D) provide an opportunity for the country to cement its leadership role in biomedical innovation while providing a valuable tool to strengthen the response to the domestic Chinese epidemic as well to epidemics in regions where China has increasingly partnered, especially Sub-Saharan Africa.
Mathematical modeling and computer simulation of the impact of vaccines and other infectious disease control efforts have become powerful tools for health policy evaluation, policy dialogue, and advocacy. Modeling the impact of an HIV vaccine in China-even if only partially efficacious-has enabled policymakers to better understand the benefits of sustained investments in research and development, while providing a key engagement point with stakeholders working in different regions of China. Further, a collaborative effort uniting a diverse set of actors to provide data and technical inputs to the model allows for the building of modeling capacity and a wider understanding of how modeling can inform public health strategies.
A collaborative process brought together the Chinese National Center for AIDS/STD Control and Prevention (NCAIDS), the Joint United Nations Programme for HIV/AIDS (UNAIDS), the Futures Institute, and the International AIDS Vaccine Initiative (IAVI) to agree upon the parameters of a modeling study in November 2009. A subsequent workshop in February of 2010 focused on convening and training epidemiologists from 13 Chinese provinces. The project's overarching goals were twofold: to produce modeling data contextualizing the impact of preventive HIV vaccines within China's comprehensive prevention, treatment and care response to HIV/AIDS, in order to guide investment and future implementation strategies, and to build modeling and policy capacity contributing to China's domestic HIV/AIDS planning and engagement in global discussions around AIDS prevention, treatment, and care programming.
Methods

Description of the Spectrum HIV Vaccine Model
The Futures Institute and IAVI developed an HIV vaccine computer simulation module as part of the Spectrum Policy Modeling System, which has been used to explore the impact and costs of other HIV prevention and treatment interventions [8] . The HIV vaccine model was developed to explore the following: a vaccine's benefit if the vaccine only provided partial protection; a vaccine's additive value in combination with existing prevention, treatment, and care programming; and potential cost savings provided by a vaccine through averted treatment and care needs. The model also allows for the examination of a vaccine's potential impact under different vaccination strategies, from broad coverage of the adult population to targeted coverage of groups or regions at highest risk of HIV infection, a useful element given the diversity of China's regional sub-epidemics.
The model is intended to be an accessible tool for national governments to use to explore the potential impact of HIV vaccines on the epidemic in their country by applying country-specific demographic, epidemiological, and vaccine uptake data, and has thus far enabled the exploration of the potential impact of an HIV vaccine both at the global level [9] and in specific countries such as Brazil [10] , Kenya [11] , and Uganda [12] .
In China, the study aimed to analyze the potential impact of an HIV vaccine as part of a combination prevention response to the epidemics in 13 Chinese provinces and to estimate the potential health and economic benefits resulting from widespread vaccination among populations most at risk of HIV infection.
The analysis results could in turn support efforts by policy makers and scientists to advocate for more supportive research policies while helping guide future HIV vaccine implementation strategies in combination with other HIV interventions. The province-by-province modeling was the first such exercise in China and as such greatly contributed to a better understanding of China's diverse epidemics and the effects of scaling up different program components., including methadone maintenance treatment, condom promotion, and treatment as prevention.
Model Characteristics and Parameters
We used the HIV Vaccine model in Spectrum for this analysis [13] . Details of the model structure and key assumptions are available elsewhere [14] and in the Appendix to this report. The model divides the sexually active population aged 15-49 by sex and risk group: injecting drug users, men who have sex with men, high risk heterosexuals (female sex workers and their male clients), medium risk heterosexuals (men and women with more than one partner in the last year) and low risk heterosexuals (men and women with only one partner in the last year). The probability of acquiring a new HIV infection is determined by characteristics of the index person (number of partners), the partner (HIV status, stage of infection, ART use), and the partnership (number of sex acts per partner, condom use, STI prevalence, heterosexual or MSM contact, male circumcision status). Infected persons progress through a primary stage of infection with high infectivity, an asymptomatic stage with low infectivity, a symptomatic stage with high infectivity, to AIDS death. Infectivity is reduced by ART use. The model includes a component to estimate the effects of behavior change interventions on key behaviors (condom use, number of partners, unsafe injecting behavior) based on a summary of the impact literature [15] .
The HIV vaccine module can be used to examine the effects of vaccines with different characteristics: reduction in susceptibility, disease progression and/or infectiousness, duration of effectiveness and take or degree type of action. Vaccination programs can be defined in terms of coverage over time of the entire adult population or targeted coverage for specific population groups.
Model Assumptions, Strengths, and Limitations
The major strengths of using the Spectrum HIV vaccine model are that it includes all three anticipated modes of vaccine actions, and most of the necessary data inputs can be ascertained from epidemiological surveillance data, national surveys, and behavioral surveillance surveys. Another strength of the model is that future projections can be made to include scenarios that explore the impact of vaccines along with expanded prevention programs, and increased use of ART. The model can also incorporate the potential impact of other new prevention technologies that might emerge in the coming years, such as pre-exposure prophylaxis (PrEP) and microbicides.
Limitations to the model include limited mixing between risk groups and limited movement of people in and out of risk group over the course of their lifetime. Modeling the impact of behavior change interventions carries a high level of uncertainty. We have modeled the potential impact of HIV vaccines with different characteristics but not the probability of such vaccines becoming available within this time frame.
Data Needs, Sources and Collections Methods
The model requires demographic information relating to fertility and mortality (in order to make the demographic projection); epidemiological information such as infectiousness by stage, transmission per act, and epidemic stage; behavioral information that includes the proportion of the population that falls into in designated risk groups, duration in a group, number of acts per partner, and condom use. Level of coverage of specific interventions, such as percentage of people circumcised and number of eligible HIV positive people receiving ART, is also a required input. Necessary vaccine-related information includes type of action (take or degree), infectiousness of a vaccinated individual (in the case of a disease-modifying vaccine) or susceptibility of a vaccinated individual (in the case of a partially efficacious vaccine), coverage, efficacy level, duration of protection, targeting, and risk compensation.
Data Collection
Data collection for the project was facilitated by the engagement of epidemiological staff at NCAIDS from 13 provinces (Box 1, Figure 2 ) that met the following criteria:
 Epidemic type. Provinces representing a range of epidemic types were selected for the model to provide context for a vaccine's potential impact in populations where HIV incidence is heavily concentrated, such as commercial sex workers (CSW), injecting drug users (IDU), men who have sex with men (MSM), and migratory workers.  Data availability. Provinces with high levels of data were chosen in order to most effectively apply the model.  Opportunity for capacity building. Selection was balanced between provinces with experienced Chinese CDC surveillance staff readily able to learn the model and provide immediately relevant results and provinces with less experienced staff to provide more opportunities to build technical skills and policy capacity. Provincial data collection was carried out in tandem with two workshops to provide training and to set up the model. Upon completion of data collection efforts, a workshop facilitated by IAVI and the Futures Institute provided a venue for NCAIDS epidemiologists to receive technical assistance toward refining and analyzing scenarios and model projections. This workshop also provided an opportunity to work with NCAIDS epidemiologists to validate the Baseline "no vaccine" scenario as being consistent with HIV prevention trends in Sichuan.
Data and analysis were presented at an NCAIDS-organized dissemination event that convened key stakeholders to review results and discuss steps going forward. Participants in the event included representatives from NCAIDS, UNAIDS, the United States Agency for International Development (USAID), the United States Centers for Disease Control (CDC), and the Chinese State Council AIDS Working Committee Office.
Assumptions and Analysis
Models were set up for each of the 13 selected provinces. Each model was fit to match surveillance data reporting prevalence by risk group over time. While some of these provincial models have undergone extensive validation, others have required further discussion. This article focuses on results from Sichuan province as illustrative of the potential effects of a vaccine, noting that specific model results vary depending on the course of each province's epidemic characteristics but in the longer timeframe relative results are similar across provinces. Assumptions are based on the achievement of country-level goals in scaling up prevention and treatment.
Baseline Prevention Coverage
Baseline projection coverage of prevention services for sex workers and clients assumes a continual increase from about 30% in 2010 to 60% by 2030. The coverage of prevention services for men who have sex with men increases from about 10% 2010 to 70% by 2030. Other prevention interventions remain at their current coverage levels ( Table 1) . will also reduce transmission of HIV. The projections shown below assume that transmission is reduced by 90% when a person is on ART. Thus, increasing ART coverage can also avert new infections.
Vaccine Scenarios
Three vaccine scenarios were constructed through consultations with leading researchers and policymakers to reflect current understanding of vaccine science and the Chinese response to the epidemic. (Table 2) The three scenarios, denoted as Low, Medium, and High, incorporate the impact of a vaccine with partial levels of effectiveness (30%, 50% and 70% respectively) and population coverage (30%, 50%, and 70% of the adult population 15-49 years of age, respectively). In the model, the vaccine is assumed to be introduced in the year 2020 and coverage (percentage of adults vaccinated) scales up from 0% in 2019 to the maximum coverage by the year 2025 [16] . Coverage then remains constant until 2050.
All scenarios assume a vaccine with "take" action that protects an individual for a duration of 20 years. In the model, the number of annual vaccinations required peaks in 2025 as catch-up immunization programs achieve coverage targets, and then declines to a maintenance level going forward. 
Potential Vaccination Strategies
The eventual availability of a preventive HIV vaccine in China will prompt necessary discussions on whether to implement a vaccination strategy covering the general population versus immunization programs that seek to reach specific population groups at higher relative risk of HIV infection, such as men who have sex with men (MSM), injecting drug users (IDUs), and sex workers and their partners. Indeed, the size of China's population and differing regional HIV epidemic drivers could mean significantly different regional vaccination strategies. The modeling study explored the implications of three vaccination strategies ( Table 2 ): All strategies use the Medium (50%) efficacy vaccine. The scenarios modeled show significant vaccine impact even after background HIV incidence has been reduced through the achievement of treatment and prevention goals. It would follow that incomplete achievement of these goals would result in higher background incidence and in turn increase the number of new infections to be prevented through immunization. Thus, these projections of vaccine impact could be considered conservative.
Results and Discussion
As the scenarios show these results are sensitive to variations in assumptions about vaccine characteristics. With the Medium Scenario new infections in 2030 are 39% lower than the Baseline scenario. If efficacy in the Medium Scenario, which is 50%, were lower (30%) or higher (70%) then the number of new infections in 2030 would be 31% or 44% lower than the base. If coverage by 2025, which is 50%, were lower (20%) or higher (70%) then new infections in 2030 would be 27% or 72% lower than the base. The Medium Scenario assumes that the vaccine reduces infectiousness by 50%. If it had no impact on infectiousness then the number of new infections in 2030 would be 24% lower than the base.
Exact information on the number of current new infections in different population groups in Sichuan is unavailable, but the modeling suggests that transmission in MSM communities and among individuals with a single partner who has other partners represent the largest drivers of incidence. Transmission due to injecting drug users and commercial sex is still important but less so than in the past. Preventive HIV vaccines would benefit all risk groups by reducing the probability of infection (Figure 4 ).
Targeted Vaccination Strategies
Targeting vaccination programs to population groups at high risk of HIV infection or regions of generalized high HIV prevalence instead of distributing vaccines widely to all groups and regions would lower the number of total infections averted but also improve effectiveness in terms of vaccinations per infection averted. (Table 4 ) If the Low, Medium and High vaccine scenarios were strategically programmed to reach only men who have sex with men, the total impact in terms of infections averted would be 17%-21% lower than without targeting, but the number of vaccinations required per infection averted would drop dramatically to 52 (Low), 32 (Medium) and 24 (High) respectively, 30 times fewer than without targeting. While reaching populations at higher risk of HIV infection often includes the need for specialized and often more logistically complicated and costly programming to overcome stigma, understanding the varying effectiveness of different strategies can help public health decision makers make informed resource allocation decisions. Table 4 . Potential vaccine strategies with a medium (50%) efficacy vaccines.
Population for Vaccination Focus Assumptions General Adult Population
Vaccinating 30% of all adult population groups (15 to 49 years old)
Higher-Risk Groups
Vaccinating 30% of individuals with behaviors placing them at higher risk of infection (MSM, IDUs, heterosexuals with multiple partners, sex workers and their customers)
15-year-olds
Vaccinating 30% of all adolescents at the age of sexual initiation (15 years old).
Risk Compensation
One oft-raised concern regarding HIV vaccines is the potential for "risk compensation" in persons vaccinated against HIV. Risk compensation refers to the possibility that people who are vaccinated adopt riskier behaviors (less condom use, more partners) because they feel these safer behaviors are not necessary since they are protected by a vaccine. Evidence from HIV prevention trials of male circumcision, pre-exposure prophylaxis, vaccines and ART suggests that risk compensation does not occur or is quite minimal [17, 18] , and recent studies exploring potential risk compensation in girls receiving the vaccine against the sexually-transmitted human papilloma virus (HPV) also showed minimal occurrence [19] .
Risk compensation would likely most hinder the effectiveness of behavior change programs in Sichuan implemented to reduce risk of HIV transmission in MSM and those engaging in commercial sex. However, in the model's Medium vaccine scenario, even a worst-case scenario of 100% risk compensation would not have a dramatic overall effect, lowering the percentage of infections averted from 2020-2030 from 23% to 18%, although that effect would be more profound in populations where behavior change has been most effective. Regardless, the implementation of HIV vaccine programs would have a more durable impact if designed to counter potential risk compensation through effective information regarding the partial nature of vaccine protection.
Potential Cost/Benefits
The exact biological mechanism by which a vaccine would protect against HIV infection and specifics on how a vaccine would be administered are still unknown, and in turn the costs of producing and implementing HIV vaccine programs under the Low, Medium, and High scenarios are unavailable. However, we can make basic calculations to quantify the financial benefits by looking at the number of HIV infections averted by vaccination and thus the need for lifelong ART provision. Current annual individual treatment costs in low-income countries average about $125 per patient per year for drugs [20] . The full costs of ART range from $500 to $1500 per patient per year. At the current average prices for low-and middle-income countries, the lifetime cost of treatment, discounted to present value, is about $8900 [21] . These costs are relatively higher in China but could be reduced in the future through negotiations for better prices for ART. Multiplying that average lifetime cost by infections averted under the modeling scenarios projects that the Low, Medium and High vaccine scenarios would reduce future treatment costs by $86 million, $195 million and $445 million respectively.
The averted treatment costs divided by the number of people that need to be vaccinated to avert one infection provides an estimate of the amount a vaccine could cost and still provide cost savings. For the Low, Medium and High vaccine scenarios, vaccination would be cost-saving if it cost $5-$8 per person vaccinated, in the Low, Medium and High scenarios. If the vaccine were targeted to the highest-risk groups, then the cost could be as high as $130-$300 and still be cost-saving. Since the epidemic in China is concentrated in high risk populations the total cost and demands on the health system to implement a focused vaccine strategy would not likely be a huge burden.
Conclusions
AIDS continues to pose social and economic challenges in China even as existing programs are scaled up and new prevention tools are implemented. As the country explores the long-term sustainability of its response, modeling can provide an illustration of the potential for new HIV prevention tools, such as vaccines, to significantly bolster existing and emerging prevention strategies.
The vaccine modeling project undertaken in China provided an opportunity to convene researchers, civil society, and policymakers to discuss regional challenges to HIV prevention, build modeling and policy capacity at the national and provincial level, identify ways to strengthen data collection processes, and build understanding of a vaccine's role in a comprehensive response. While the data in this article focus on the impact of a vaccine in Sichuan, detailed provincial results allow policy makers and program managers to better understand the potential impacts of HIV vaccines in the various sub-epidemics in China and support the development of appropriate policies to support HIV vaccine R&D. A better understanding of the impact and costs of vaccine programs aimed at reaching specific populations at risk of HIV infection will be useful as discussions of vaccine access begin, when a vaccine is closer to licensure. This project has provided a natural entry point for China's inclusion in HIV/AIDS discussions at the global level around UNAIDS' Strategic Investment Framework, which models the costs and impacts of targeted investments in existing HIV/AIDS programming at the country level.
The potential impact of a preventive HIV vaccine underscores the importance of sustaining investments and policy efforts to accelerate HIV vaccine research and development, in which China has increasingly played a role as part of its larger expansion of support for domestic science and technology research. A Science and Technology mega projects program includes two infectious diseases projects based at the Ministry of Health, one focusing on new drug development and the other on infectious disease control, which include substantial funding for HIV vaccine research. These programs have carried over into the current five-year plan that began in 2011, and have supported a number of domestically produced vaccine candidates moving through early studies, with one study entering into a Phase II study in 2012 [22] . In addition to these large-scale public endeavors, China's ability to contribute innovative science to HIV vaccine development could be bolstered by its thriving private sector biotech, biopharmaceutical, and clinical research capacity and a wave of young scientific talent with international experience being drawn back to China to take advantage of growing biomedical opportunities.
A recent McKinsey and Co. report commissioned by IAVI and produced via consultation with the Department of Medical Sciences, Technology and Education of China's Ministry of Health outlined a number of potential policy options to increase China's engagement in the global effort to develop a preventive HIV vaccine. These options included sustaining and targeting public sector financing, providing incentives for private investment, strengthening research networks both in and beyond HIV/AIDS, and improving regulatory and intellectual property policies to decrease the risk of investments in HIV vaccine R&D [23] .
Investments in HIV vaccine research provide an opportunity for China to work toward adding an important HIV prevention tool to its own domestic programs while cementing its status as a leader in global health. Our modeling shows that introducing even a partial-efficacy vaccine with limited coverage as part of a comprehensive package of treatment and prevention could significantly affect the number of new HIV infections in China, preserving health, saving lives, and stemming the rising total cost of maintaining progress against HIV/AIDS. In the model, sexually active and IDU populations are exposed to infection each year with the probability of infection associated with several epidemiological and behavioral factors. (Figure A2 ) HIV prevalence of sex partners is assumed to be the same as the HIV prevalence of the opposite sex in the same risk group. 
Progression of HIV
Newly infected individuals are in the primary stage for three months and are more infectious than people in other stages. An infected individual passes out of the primary stage and enters the asymptomatic stage, where he or she remains for 8 years with a low level of infectiousness. Finally, an infected individual moves to the symptomatic infectious stage for two or more years, before dying from AIDS. (Figure A3 ). 
Impact of Antiretroviral Therapy (ART) on HIV Progression
Individuals are considered eligible to receive ART when they are in the symptomatic phase. If they receive ART, their progression to death is delayed and their infectiousness returns to the low level in the asymptomatic phase.
Potential Vaccine Effects
The HIV vaccine module can be used to examine three possible effects of HIV vaccines: (1) reduced susceptibility to infection (via protective immunity); (2) reduced infectiousness of vaccinated individuals; and (3) slower progression to AIDS morbidity and death (modifying disease).
 Reduced susceptibility. A vaccine given to HIV-negative people could provide protection by reducing their susceptibility to an infection, effectively clearing the body of HIV and thus preventing disease; this is the commonly understood action of a vaccine. Vaccine action can be set as "Take" or "Degree" "Take" action means that a proportion of those vaccinated are fully protected from acquiring HIV, while it has no effect on others. The percentage of people protected is determined by the vaccine's efficacy. In a "Ddegree" type of vaccine, all of those who receive the vaccine are exposed to a risk of infection that is reduced by the efficacy of the vaccine. Therefore there is a reduction in susceptibility for everyone who is vaccinated.  Reduced infectiousness. A vaccine could also keep the amount of virus in a person at a low level to reduce infectiousness. The model calculates the reduction in the average probability of transmission resulting from this type of vaccine efficacy and applies this to all contacts with susceptible populations.  Modifying disease. A vaccine given to an HIV-negative person could also provide a benefit by significantly slowing progression to AIDS morbidity, once infected. The model captures this by extending the asymptomatic period for those vaccinated who obtain this benefit but does not change the length of the primary or symptomatic stages.
